Introduction
The CCIT program is developing new capabilities in secure, very high data rate free-space communications, aberrationcompensated imaging and sensing, and targeting at very long ranges. It combines innovative concepts and integration of MEMS SLMs, which provide digital wavefront control, with photonics and high-speed electronics. A team consisting of the Lawrence Livermore National Laboratory, academic institutions, small businesses, and aerospace companies bas carried out Phase-I 
Concept Description
The holographic concept is based on a Phase Conjugation Engine (PCE) that is common to all applications. As shown in Fig.1 , it consists of a coherent receiver (focal plane array, charge-coupled device), a hologram processor, and an SLM. The PCE interfaces with other system modules according to the generic architecture of Fig. 2 . Part of the input field is split off and directed to a high-speed detector to provide a trigger signal for a local oscillator (LO). The remainder is interfered with a pair of LO beams that are 90 degrees out of phase with one another to form quadrature holograms. The holograms are read-out and processed, and the conjugate of the extracted phase is applied to the SLM. The calculation of phase at any pixel is independent of other pixels, allowing very high fiame rates by parallel, pipelined processing. The latency time is the s u m of the hologram read/processing/write time and the SLM response time. For a 128x128 FPA/SLM and a 25 MHz clock, the read/processing/write time is about 5 ps. For a 10 ps SLM response time, the program specification, the minimum latency time is therefore -15 ps. The holograms are also read into computer memory for application-specific processing, including system control and application algorithms.
high-speed inner-loop Figure I . Phase Conjugation Engine schematic Figure 2 . Genenc system diagram Operation will .be described for communications from platform-A to platform-B (called "A" and " B below). Both compensated receiver , and conjugated transmitter configurations [2] will he described. Compensated receivers correct wavefronts similar to conventional adaptive optics, while conjugated transmitters apply a pre-correction to the transmitted beam. In some cases, the two configurations can be combined for optimum performance.
The concept uses separate lasers for acquisitiodpointingand-tracking and for communications. The first function uses a short-pulse, on the order of nanoseconds, low-energy laser to provide stable holograms. Its repetition-rate, for atmospheric propagation, is typically 1-10 kHz.
Communications uses conventional telecom hardware.
where M=2b. The efficiency is 40%, 81%, 95% and 99% for 1 , 2 , 3 and 4-bit operation, respectively. The Fried parameter was also determined from far-field acquisition frequency. Power spectra were obtained by patterns. The resulting value was ro=l.l nun, in good Fourier-transforming and averaging the square of the agreement with the 1.3 mm value obtained using the transform modulus. Data were obtained at several screen structure function. The results, in good agreement with rotation rates and fitted to W+(f)=rr-' F;"f8", where F, = theory, will be presented in a separate paper. 0.43V,/r0 is the Greenwood frequency [4] . Figure 9 shows measured and theoretical power spectra. Good agreement Phase power specfrum -Temporal waveforms of the phase was obtained over several orders of magnitude. fluctuations were obtained from the holograms by recording phase versus time for each of the pixels, at a 580 Hz
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Measurements were also performed on Strehl ratio versus Electronics and sofmare - Figure 10 shows a diagram of delay between hologram-write and SLM readout. The the electronicdprocessing architecture. The system latency results, in good agreement with theory, will be presented in time was -Ims, and the fiame rate -600 Hz. Commercial a separate paper.
electronics was used. Custom software was developed by LLNL. Details will be provided in a separate paper.
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Frams(3rabbsr The achievable Strehl ratio was limited by a fitting error due to the finite number of SLM pixels, and by a less-than-unity area fill-factor. For a Kolmogorov spectrum, the fitting-error Strehl is given by exp[-1.3 (d/ro)5'3] = 0.84, where d is the pixel size [5] . The area fill factor was about 82% due to unused edge pixels and some defective pixels. The combined Strehl ratio is 60-65%, in good agreement with the measured number of 55%.
In conclusion, large Strehl ratio improvements were demonstrated. For the lowest rotation speed of the phase plates, the corrected Strehl ratio of 0.55 is to be compared to an uncorrected value of 0.01, yielding a ratio of 55.
Field fesfs
For the field tests, the laboratory breadboard was moved to LLNL Site 300, a terrain of rolling hills about 15 miles southeast of LLNL. The tests were carried out across a valley, between two hills that contained the CCIT system and a retrc-reflector, respectively. Figure 14 shows an elevation map below the propagation path, while Fig. 15 shows the trailer containing the CCIT system and the shack containing the retro mirrors. 
U50
In addition to piston-only devices, tip-tilt-piston SLMs are being developed by Boston UniversityiBoston MicroMachines, Stanford University, and MicroAssembly TechnologiesiAdriatic Research Institute.
The technical approaches are proprietary. Only a brief description of the BMC device used in the demonstrations will be given. Figure 16 shows a pixel schematic, a photograph of a section of a device, and a photograph of a packaged SLM. The actuators are based on parallel-plate capacitors. A mirror is attached to the upper plate using a post, resulting in a flat reflective surface even as the moving actuator plate bends. This device has met all of the specifications listed in Table 1 . Its response was shown to be very repeatable, allowing the use of a look-up table to account for response variations across the array. For the demonstrations, the SLM was driven by electronics, built by Lucent Corporation, COMeCted to the SLM via cables. An integrated driver is also being developed; two generations of test ASICs have been built and tested, and a final ASIC design is being fabricated for contacting to the MEMS structure. -No wavefront reconstruction is necessary, -The coherent receiver responds to field amplitude (factor of 100 in intensity is only factor 10 in amplitude),
-The coherent receiver is insensitive to background light and electronics noise. The concept bas numerous applications in addition to communications, including imaging, sensing and precision beam delivery.
